Analysis of observational cohort data is subject to bias from unobservable risk selection. The authors compared econometric models and treatment effectiveness estimates using the linked Surveillance, Epidemiology, and End Results (SEER)-Medicare claims data for women diagnosed with ductal carcinoma in situ. Treatment effectiveness estimates for mastectomy and breast-conserving surgery (BCS) with or without radiotherapy were compared using three different models: simultaneous-equations model, discrete-time survival model with unobserved heterogeneity (frailty), and proportional hazards model. Overall trends in disease-free survival (DFS), or time to first subsequent breast event, by treatment are similar regardless of the model, with mastectomy yielding the highest DFS over 8 years of follow-up, followed by BCS with radiotherapy, and then BCS alone. Absolute rates and direction of bias varied substantially by treatment strategy. DFS was underestimated by single-equation and
Introduction
Many studies of treatment effectiveness rely on randomized controlled trials (RCTs) and biostatistical analysis of patient cohorts. Both these methods have limitations. The strict selection of patients into RCTs reduces the generalizability of their results to patients obtaining care in the community. In traditional biostatistical or epidemiologic analysis of observational cohorts, the results may be influenced by selection (endogeneity) bias. In addition, all possible treatments may never have been compared directly in RCTs. Finally, treatment choice outside of RCTs often is guided by factors unrelated to clinical trial results, such as community norms, diffusion of scientific information, population density, physician supply, and patient characteristics such as race, age, and educational attainment (Baxter, Virnig, Durham, & Tuttle, 2004; Ernster, Barclay, Kerlikowske, Grady, & Henderson, 1996; Gold & Dick, 2004; Sakorafas & Farley, 2003) .
In the case of breast cancer and ductal carcinoma in situ (DCIS), there are three principal treatment options, mastectomy, breast-conserving surgery (BCS) with radiotherapy, and BCS alone, and together they have not been compared head-to-head in an RCT. Published DCIS treatment trials show that BCS with radiotherapy is more efficacious than BCS alone (Bijker et al., 2006; Fisher et al., 1993; Fisher et al., 2001; Holmberg et al., 2008; Julien et al., 2000) , but no randomized trial compared mastectomy with both BCS strategies (Fonseca et al., 1997; National Cancer Institute, 2006) , nor do they attempt to compare the effectiveness of treatment as delivered in the community. Cohort studies, such as the one presented here, evaluate treatment effectiveness in a broader patient population than RCTs, but analyses of retrospective cohorts using population-based tumor registry data may be compromised by potential selection bias (Cutuli et al., 2001; Ernster, Barclay, Kerlikowske, Wilkie, & Ballard-Barbash, 2000; Habel et al., 1998; Hershman et al., 2006; Paszat et al., 1998; Smith et al., 2006; Solin et al., 1996; Wamberg, Yuen, & Holmberg, 2000; Warren et al., 2005) . If key information that influences treatment choice, such as disease or patient characteristics (including patient preferences), is missing, the comparison groups may not be equivalent. If the groups are not equivalent on unmeasured factors, the observed relationships between treatment and outcomes may not be causal. Such selection bias may be a particular problem for studies of DCIS because treatment often is guided by pathology and histology data, which are not all available in large, secondary data sources such as the Surveillance, Epidemiology, and End Results (SEER) data. For example, SEER does not indicate if a patient has clear margins. In the case of DCIS, patients with more extensive or aggressive disease may undergo more intensive treatment, resulting in an increased likelihood of choosing mastectomy over BCS. Alternatively, if BCS is chosen for more aggressive disease, radiotherapy then may be preferred to no radiotherapy. Thus, estimates of the relative benefits of mastectomy and radiotherapy will be understated because of unmeasured tumor characteristics.
A previous analysis of a cohort of Medicare beneficiaries' claims data (with verification of cancer diagnosis from physicians) estimated 3-year overall survival after treatment for early-stage (localized) breast cancer (not DCIS) by using an instrumental variables, two-stage least squares approach run separately for each treatment option (Hadley et al., 2003) . In that model, the first equation for treatment choice depended linearly on measured health and demographic factors and variables unrelated to a patient's underlying health status. The authors used instruments including Medicare's average fees for breast surgery and geographic adjustment factor and patient distance to a hospital with a radiation facility. The second equation for 3-year survival depended linearly on measured health and demographic factors. The authors found that women undergoing BCS had the poorest overall 3-year survival (79.2%), followed by mastectomy (85.3%) and BCS with radiotherapy (93%). The analyses attempted to overcome endogeneity bias but were limited by the short time horizon and linear-model methodology.
New Contribution
This study explicitly confronts the problem of endogenous treatment choice by estimating two alternative econometric models designed to address this issue. The first type, referred to as a frailty model, was originally proposed by Heckman and Singer (1984) to account for unobserved heterogeneity across subjects, for example, unobserved differential health status. The second model is an adaptation of a simultaneousequations approach to a discrete-time duration model. The purpose is to compare the models with each other, to a naïve survival model, and to RCT results that compare two of the three treatment arms in our study (BCS with and without radiotherapy). From these comparisons, we will identify the magnitude of selection bias in the absence of RCTs, determine the extent to which the econometric methods successfully correct the estimates, and better understand the effectiveness of treatments in the imperfect real-world setting.
Conceptual Framework
The conceptual framework for this study links outcomes of care to the process and structure of health care, characteristics of individuals involved in care, and factors related to the health system (Andersen, 1995) . Outcomes can be directly or indirectly linked to these factors. For example, the structure and process of care include availability of physicians in a community or treatment patterns in a geographic area that directly could affect receipt of particular treatments. Individual and community characteristics, such as age, ruralness, or area-based poverty may influence treatment choice and the primary outcome of interest in this study, disease-free survival (DFS).
However, not all factors that influence treatment choice are bound to affect DFS. Therefore, we developed analytic models that take advantage of this fact and disentangle the effects of factors that only would affect treatment from those that might directly and indirectly affect outcomes. This framework guides the analytic models.
Data
We used the linked SEER-Medicare database for women aged 66 years or older with unilateral, surgically treated DCIS diagnosed from 1991 to 1999 in the 9 SEERregistry database and their Medicare inpatient, outpatient, and physician claims from 1991 to 2001. The nine registries represented approximately 14% of the U.S. population (Ries et al., 2000) . In the data linkage, 93% of persons aged 65 years or older in the SEER database were matched with Medicare claims (Fahey, 2000) . We excluded subjects if the reason for Medicare eligibility was because of end-stage renal disease status, DCIS was diagnosed at autopsy, they were not eligible for both Parts A and B of Medicare, or they were enrolled in a health maintenance organization (HMO) for 6 months prior to or 12 months after their month of diagnosis. Subjects without Medicare Parts A and B or who were members of an HMO would not have complete administrative claims available for analysis. Our final analytic sample included 3,888 subjects out of 5,843 total subjects who were potentially eligible for inclusion.
Only month and year of DCIS diagnosis are available from the SEER data, so we assumed that the diagnosis was made on the first day of the month of diagnosis. Claims data provided the treatment information for our study, except when treatment claims were missing. The most extensive surgery performed, that is, BCS or mastectomy, in the 6 months postdiagnosis was identified in the claims. Subjects who underwent BCS also may have had radiotherapy, so we searched 6 months postsurgery for radiotherapy claims. (Subjects undergoing mastectomy with radiotherapy [n = 44] were excluded.) In those cases, SEER information was used to supplement the claims data. Twenty-nine percent (n = 1,136) of tne subjects had both SEER and Medicare claims indicating radiotherapy, 3% (n = 126) had only Medicare claims indicating radiotherapy, and 0.5% (n = 19) had only SEER data indicating radiotherapy. The only histopathological information available was whether a subject had comedo-type necrosis, which tends to have worse prognosis than other forms of DCIS (Silverstein et al., 1995) .
The primary outcome was DFS, which ended with a subsequent breast event, defined as recurrence of DCIS or development of any invasive breast cancer. We chose this outcome because we were interested in a subject's next breast cancer event, regardless of type. The SEER data cannot be used to study the key outcome of recurrence, because SEER captures only primary cancers. We, therefore, used the Medicare claims data to define subsequent breast events from the claims data as adapted from a published algorithm (Gold, Do, & Dick, 2008; Warren, Riley, McBean, & Hakim, 1996) . Subjects were considered to have a subsequent breast event if they had a Medicare claim at least 183 days (6 months) after diagnosis based on the first instance of (a) an inpatient claim with a primary or secondary diagnosis of DCIS, axillary node involvement, or breast cancer, with a procedure of BCS, mastectomy, or axillary node dissection; (b) an outpatient claim with a primary diagnosis of DCIS, axillary node involvement, or breast cancer, with a procedure of BCS, mastectomy, or axillary node dissection; or (c) a physician-surgeon claim for BCS, mastectomy, or axillary node dissection. If no claims met these criteria, but a subject's cause of death was breast cancer, the subject was considered to have had a subsequent breast event at the date of death. The follow-up period started 6 months after diagnosis and was categorized into discrete annual increments. Because patients with DCIS should not receive chemotherapy (National Institutes of Health, 2009), only 6 months was allowed for treatment before starting the follow-up period. This lag period was varied from 6 to 12 months and showed virtually no difference in rates of subsequent breast events. In our approach, a woman could not have more than one event because the period of DFS ends with the occurrence of the first subsequent event. Subjects were censored at death from any cause other than breast cancer, on entering an HMO, or end of follow-up.
In addition to treatment information, we included patient and area-based variables in the model. The SEER data included geographic region, comedo necrosis histology (which tends to be more aggressive, also called comedo), marital status, age, and race. The geographic region was based on the SEER cancer registry location as there were too few observations to use an analytic unit smaller than the cancer registry. We also wanted this study to be comparable with others that used the SEER registries as geographic indicators. Two comorbidity indices were calculated from Medicare claims based on the method of Klabunde (Klabunde, Potosky, Legler, & Warren, 2000) , one for inpatient claims and one for outpatient and physician claims during the year prior to diagnosis. Covariates for area-based poverty level, educational attainment, and rural population were taken from the 1990 Census data at the zip-code level and matched to the SEER-Medicare data. Finally, we included a hospital service area-level variable for the number of radiation oncologists per 100,000 population from the 1999 Dartmouth Atlas of Health Care in the United States. The study was approved by the first author's institutional review board.
Analytic Method
We compared three methods for estimating the effects of treatments for DCIS in a cohort: the first model is a "naïve" discrete-time duration model that does not account for unobserved heterogeneity; the second is a discrete-time semiparametric hazard model with unobserved heterogeneity (frailty) as originally proposed by Heckman and Singer (1984) and fully developed by Jenkins (1995) ; and the third is an adaptation of a simultaneous-equations model (SEM) to a discrete-time survival model framework.
Naïve Model
We began by estimating the "naïve" model as a standard discrete-time duration model. The basic element of the discrete-time model is the hazard function, h(t), that determines the probability of exiting the disease-free state (i.e., having a subsequent breast event) during period t, given survival until time t. We modeled h(t) in a latent variable framework given by
where the subscript i represents the ith woman, Y* is an unobserved latent variable that represents the propensity for a subsequent breast event (i.e., exit from the disease-free state), T 1 is an indicator for BCS, T 2 is an indicator for radiotherapy (can only be received conditional on receipt of BCS), X is a vector of observable subject and areabased characteristics, g(·) is a function of time since treatment (duration, τ) that captures duration dependence of the health outcome (a subsequent breast event), and ε is a normally distributed error term. Because we assumed ε is normal, we operationalized the model as a probit regression. We began by estimating specifications of g(·) that are nonparametric in τ and tested down to more parsimonious parametric functions of τ. We also tested for interactions between g(τ) and T 1 , T 2 , and X, which could be important if, for example, mastectomy has a relatively larger effect on survival than BCS in later years of follow-up. Admitting interactions between g(·) and other variables allowed us to formally test the proportional hazards assumption. We also estimated a simple Kaplan-Meier model for each treatment regimen. The unit of observation in Model I was an annual transition (or annual DFS status). Thus, each subject in our sample contributed multiple observations to the analysis with the number of observations depending on her length of DFS and length of followup. If a subject was lost to follow-up (i.e., survived beyond the observation period, entered an HMO, or died from non-breast cancer cause), her subsequent observations were treated as censored. We estimated robust standard errors (Huber-White) to account for intraperson correlation in the data, clustering on a unique individual identifier (Huber, 1964) . We fit Model I with nonparametric baseline hazards stratified by treatment, tested down to a model in which duration dependence was a quadratic function in time, and finally tested down to a proportional hazards specification of duration dependence.
For the probit estimates of α j to be unbiased, Cor(T j , ε) = 0. Unmeasured factors related to both T j and ε, however, made this unlikely. For example, if the pathology showed extensive high nuclear-grade DCIS with comedo histology and close margins, the woman would be more likely to undergo mastectomy and, all else equal, would be more likely to have a recurrence than women without these characteristics (Silverstein et al., 1995; Silverstein & Lagios, 1997) . Because we did not observe all tumor characteristics (e.g., margin status), we could not control for them. Thus, a subject who underwent mastectomy was likely to have worse risk than a subject who underwent the other treatment options, generating a bias against the effectiveness of mastectomy.
Frailty Models
Frailty models, introduced into survival analyses by Prentice and Gloeckler (1978) in a breast cancer application, explicitly modeled individuals' unobserved heterogeneity in health status (i.e., frailty) in the hazard function. Later, Heckman and Singer (1984) proposed modeling the frailty distributions nonparametrically in continuous-time hazard models, and these ideas subsequently were applied to discrete-time survival models by Lancaster (1991) and Jenkins (1995) , who also developed Stata programs to operationalize the model estimation (-hshaz-). We adopted the discrete-time models as our Model II and estimated specifications with parametric and nonparametric frailty using Jenkins's (2006) programs.
Simultaneous-Equations Model
In our third approach, we adapted a familiar econometric simultaneous-equations approach to a discrete-time survival application. (Stata programs available from lead author on request.) This approach addresses the problem of unobserved heterogeneity (frailty) by identifying exogenous sources of variation in treatment. We formulated a three-equation model in which the first equation represented whether a subject received BCS or mastectomy, the second equation estimated whether the subject received radiotherapy conditional on receiving BCS, and the final equation was the probability of a subsequent breast event during follow-up. Let
We assumed the error terms (ε 1 , ε 2 , and ε 3 ) had a trivariate normal distribution, f (e 1i , e 2i , e 3i ) ∼ N (0,0,0, ρ 12 , ρ 13 , ρ 23 , σ 2 1 σ 2 2 σ 3 3 ). We assumed σ 1 = σ 2 = σ 3 = 1, formulated the likelihood function, and estimated the parameters (β, γ, α, ρ 12 , ρ 13 , ρ 23 ) using maximum likelihood methods. Our model was similar to a standard trivariate probit (Goldman et al., 2001 ) except that we did not observe T 2 unless T 1 = 1 because radiotherapy occurred only in combination with BCS. Therefore, T 2 (radiotherapy) was only observed conditional on BCS being performed. We then integrated out this area of the trivariate density so that we had a cohesive statistical model. Estimates of the parameters ρ 13 and ρ 23 allowed us to test whether estimates of α 1 and α 2 in Model I were unbiased; the estimates gave us the direction and magnitude of the unmeasured variables' effects on T 1 , T 2 , and Y. Estimates of Equation (3) parameters restricting ρ 13 = 0 and ρ 23 = 0 would produce identical estimates to those of Model I. We compared results from Models I and III in light of estimates of ρ 13 and ρ 23 .
SEMs produce unbiased estimates of the structural parameters if the distributional assumptions are correct, and the models are quite robust to misspecification as long as there are adequate exclusion restrictions in the treatment equations. Without exclusion restrictions, however, Monte Carlo experiments have found that the models are highly sensitive to errors in distributional assumptions (Bhattacharya, Goldman, & McCaffrey, 2006) . Because the distributional assumptions are typically ad hoc, the acceptability of the exclusion restrictions are crucial to evaluation of the strength of the evidence from the models. Our main empirical strategy was to identify plausible exclusion restrictions and estimate specifications that were identified by these restrictions. We also estimated specifications without the exclusions to examine the robustness of the results and provide evidence about the quality of the exclusion restrictions.
We identified measures to use as exclusion restrictions that were important determinants of treatment choice but not outcomes (recurrence or subsequent invasive breast cancer). It has been theorized and empirically verified that the density of radiation oncologists and the urban-rural residence status of a subject would affect treatment choice (Gold & Dick, 2004) . We conjectured, however, that conditional on treatment choices (including the use of radiation therapy), the availability of radiation oncologists would not affect outcomes directly, making this measure an ideal candidate for exclusion in the outcomes equation. We made similar assumptions for urbanrural status because the additional travel burden may be associated with the selection of radiotherapy (Nattinger, Kneusel, Hoffmann, & Gilligan, 2001) but not outcomes directly, after controlling for observable socioeconomic status and histopathology. 1 We also excluded marital status from the outcomes equation because arguments that marital status explains outcomes are weak, particularly after controlling for other observable measures, but marital status could affect treatment choice because of differences in preferences (Berz et al., 2009; Hawley et al., 2009 ). Finally, we also excluded SEER registry indicators (i.e., geographic regions) from the outcomes equation because, although there is substantial variation in treatment across regions, conditional on observable characteristics (including treatments), arguments for why region or residence explains outcomes are weak. We found no evidence in our data to contradict this, but we did estimate alternative specifications that relaxed these assumptions and included each of the instruments (separately and together) in the outcomes equations. We found that our candidate instruments (radiation oncologist density, urbanrural status, geographic regions, and marital status) effectively predicted treatment choice (a requirement for good instruments). In addition, as described below, we found our estimated treatment effects to be robust to the various specifications of exclusion restrictions.
Standardized Predictions
Direct interpretation of the models' parameter coefficient estimates can be difficult because they are in the latent variable metric (standard deviation shifts in the standard normal latent variable) and, because the models were nonlinear, effect sizes depended on the values of the other variables. Thus, we generated standardized population survival functions to characterize substantive effect sizes. For each set of model estimates, we assigned subjects one at a time to each treatment alternative. Then, we predicted the hazard and survival functions from each subject and accumulated the survival functions across the entire sample. Thus, we eliminated any differences in population characteristics of actual treatment groups when we compared the survival effects of BCS alone, BCS with radiotherapy, and mastectomy on DFS.
Results
In the sample of 3,888 treated women, 1,133 (29%) underwent BCS only, 1,281 (33%) underwent BCS with radiotherapy, and the remaining 1,474 (38%) underwent mastectomy (Table 1 ). There were significant differences in treatment groups by many model covariates. Differences in treatment use by registry (χ 2 = 240.3; p < .0001) indicated geographic variation in treatment patterns. Women in lower poverty areas were more likely to get radiotherapy, while those in higher poverty areas were more likely to get mastectomy (χ 2 = 71.4; p < .0001). Other significant differences by treatment group included year of diagnosis (indicating changing trends over time), marital status, age, race, rural versus urban residence, comedo necrosis histology, area-based educational attainment, and comorbidities. Figure 1 shows the empirical DFS functions (Kaplan-Meier) for each treatment alternative. They take roughly the same shape, with mastectomy yielding better expected DFS than BCS with radiotherapy, which is better than BCS alone (p < .005 based on bootstrapped standard errors of differences in expected DFS). Table 2 shows results for the outcomes models, including the naïve model (Model I), the frailty model (Model II), and the simultaneous three-equation model (Model III). Model I estimates met the proportional hazards assumption (joint test of durationtreatment interactions, p = .3115; results not shown). The results shown are for the model in which we excluded the measures that were candidates for exclusion in the SEM (Model III). The results, however, were substantively similar in the alternative specifications of each of these models that included these (ultimately excluded) measures in the outcomes equations.
Naïve Model Estimates (Model I)
There was evidence that outcomes were improving over time (calendar-year variables). Increased age was strongly associated with longer DFS but there was no evidence that DFS differed by other socioeconomic status or demographic variables. In an alternative specification that included SEER regions, the outcomes did not differ 
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Medical Care Research and Review 68(6) significantly across SEER regions (χ 2 = 9.36; p = .31). In addition, the histologic subtype comedo necrosis did not appear to be related to DFS. The point estimate was both small and precisely estimated. Finally, the estimated treatment effects indicated that there was a large and statistically significant difference favoring mastectomy over BCS with or without radiotherapy (p < .001), and there was evidence indicating that BCS with radiotherapy was associated with better outcomes than BCS alone (p = .049).
The test statistic indicates that mastectomy is statistically significantly better than BCS with radiotherapy (p < .0001).
Frailty Model Estimates (Model II)
The results of the models with parametric and nonparametric frailty were similar.
Here we have shown estimates of the nonparametric frailty model because it had slightly better fit than the parametric models (either with gamma frailty or normal frailty). A comparison of the log likelihood functions showed that the frailty model was superior to the naïve model. We found that two points of support were sufficient to characterize the frailty distribution, representing two types of individuals: those with more serious disease and those with less serious disease. The probability of membership in the more serious disease group was found to be just more than 5%, and DFS was considerably worse for this group (p < .001). The results were similar to those of the naïve model except that mastectomy's advantage over BCS alone and BCS with radiotherapy was substantially increased. This is consistent with the concern that women who received mastectomy had more serious disease (unobservable in the data). The benefit of radiotherapy was slightly larger than in the naïve model, though the difference was not statistically significant.
Simultaneous-Equations Model (Model III)
The measures excluded from the outcomes equation (density of radiation oncologists, marital status, urban-rural status, and SEER region) were important predictors of treatments. (Results are available from lead author on request.) We tested their joint significance in each treatment equation and found them to have substantial explanatory power (p < .0001). There were substantively large and statistically significant differences in treatment choice by SEER region. Alternative specifications that included SEER regions in the outcomes equations found regions to be insignificant (both individually and jointly) in the outcomes equation. Marital status was a strong predictor of radiotherapy receipt (p < .001) but not of BCS. The supply of radiation oncologists strongly affected (positively) choosing BCS, but given BCS, the supply density had little effect on the use of radiotherapy. There were other important predictors of treatment choice, as well. There was a strong substantive time trend toward use of BCS, a weaker but still strong trend toward the use of radiotherapy, but little evidence of a time trend for outcomes. Age was a significant predictor of radiotherapy, with older women less likely to receive radiotherapy than younger women (p < .001 for each of the older age groups relative to the youngest age group). Age was not predictive of BCS, however. Comorbid conditions appeared (weakly) to reduce the likelihood of receiving radiotherapy, but there was little evidence that comorbidity was related to the choice to have BCS or mastectomy. Finally, comedo histology appeared to have a large substantive and statistically significant effect on treatment choice. Women with comedo necrosis were far more likely to have mastectomy, and conditional on receiving BCS, were far more likely to have radiotherapy than women with other histologic subtypes.
Model III SEM outcomes equation estimates yielded a substantively similar difference between BCS and mastectomy to that of the Naïve model, but a much larger benefit from radiotherapy. Thus, BCS alone was found to be considerably worse than mastectomy (p < .05), but DFS for the combination of BCS and radiotherapy was not statistically significantly worse than for mastectomy (p = .434). The remaining model estimates did not differ substantively from either the naïve or frailty models. Estimates of the correlation coefficients in the three-equation model (ρ 12 , ρ 13 , and ρ 23 ) were modest in magnitude but jointly significantly different from 0 (p = .035). The correlation in the errors between receipt of radiotherapy and DFS (ρ 23 ) was positive (.14, p < .05) and substantively important, indicating that women who had unmeasured worse disease were also more likely to receive radiotherapy conditional on having BCS. This accounts for the large difference in estimates of the effect of BCS alone in Models I and III.
We investigated the robustness of the treatment effect estimates by estimating models in which we relaxed the exclusion restrictions (including a specification with no exclusion restrictions). We found that the model estimates were robust to the specification of instruments. Table 3 presents the substantive effect sizes for each treatment option (expected years of DFS through 8 years for a standardized population). The table shows the relative treatment effect sizes across the three models. The frailty model predictions (combining predictions from both the more serious and less serious disease types) were Mastectomy 7.51 7.51 7.49 7.42 BCS with radiotherapy 6.72 7.00 6.96 7.23 BCS 6.95 6.76 6.78 6.53
Note: BCS = breast-conserving surgery. Naïve model: p < .01 for differences by treatment. Frailty model: p < .01 for differences between mastectomy and other treatments; p < .05 for difference between BCS and BCS with radiotherapy. Three-equation model: p < .01 for differences between BCS alone and other treatments. Difference between mastectomy and BCS with radiotherapy is not statistically significant. a. Predictions are based on standardized population predictions (except empirical), which eliminates the effects of differences in observed population characteristics across treatment groups. similar to those of the naïve model. The three-equation model estimates differed markedly, however, particularly for BCS alone and BCS with radiotherapy. As with Models I and II, the Model III estimates of mastectomy generated the best outcomes in terms of DFS up to 8 years following treatment (expected DFS = 7.42 years). The Model III estimates of BCS with radiotherapy (expected DFS = 7.23 years, not statistically significantly different from mastectomy) were substantially higher than the other models, and the Model III estimates of BCS alone (expected DFS = 6.53 years, p < .01 compared with mastectomy; p < .01 compared with BCS with radiotherapy) were substantially lower than the other models. Figure 2 presents the predicted standardized population DFS estimates from Models I, II, and III, by treatment. Both Figure 2 and Table 3 indicate that the Model III method of addressing the treatment-selection effects resulted in substantially lower DFS for BCS alone than either of the alternative treatments (or models). A comparison of the predictions from Models I, II, and III in Table 3 shows that the estimated biases induced by selection (the differences between Model I and either Model II or Model III estimates) differed markedly by the estimation method. The frailty model estimates indicated that unobserved frailty was present, but the substantive conclusions were similar to those of the naïve model. The three-equation model estimates, however, identified substantively important differences in the estimated outcomes by treatment. 
Comparison With RCT Results
Although there are no RCT studies that compare mastectomy with BCS for DCIS, we identified four RCT studies of BCS with radiotherapy versus BCS without radiotherapy for DCIS, which allowed us to examine the performance of our models for these two treatments. Table 4 presents the results. We estimated the hazard ratio (HR; BCS with radiotherapy vs. BCS without radiotherapy) for each trial based on published data regarding the number of observations and events for each treatment. The RCT results were quite similar, ranging from .455 to .622. A comparison with the RCT shows that the naïve model was biased substantially in favor of BCS without radiotherapy (HR much closer to 1.0). The Model III estimates (three-equation model) fell squarely within the RCT estimates. The frailty models fell in between. Although the model fit was better for the nonparametric frailty model than for the parametric frailty model, the parametric model estimates of the HRs, though still higher than the RCT estimates, were much closer than the estimates from the nonparametric model.
Discussion
This study used econometric models to generate causal estimates of the effects of treatments for DCIS on DFS. By comparing the results of a naïve model that did not account for risk-based selection into treatment with estimates both from models that accounted for the selection and with some limited RCTs, we were able to assess the extent to which selection generates bias in traditional models and the extent to which the econometric methods (frailty and simultaneous-equations approaches) successfully accounted for this source of bias. We found that the overall trends in DFS estimates by treatment were largely the same regardless of the model, with mastectomy yielding the highest DFS over 8 years of follow-up, followed by BCS with radiotherapy, and then BCS alone. The absolute rates and direction of bias, however, varied substantially by treatment strategy. DFS was underestimated by the single-equation (Model I) and frailty models (Model II), compared with the SEM (Model III) and . 824 Fisher et al. (2001) .557 Model IIa (parametric frailty) . 686 Fisher et al. (1993) .455 Model IIb (nonparametric frailty) .768 Bijker et al. (2006) .622 Model III (three-equation) .557
Note: HR = hazard ratio; RCT = randomized clinical trial. RCT results are based on outcome of local DCIS and invasive carcinoma, contralateral DCIS and invasive carcinoma, and regional and distant recurrence. HRs for each RCT are approximately based on sample sizes and event counts as published for each trial.
RCT results for BCS with radiotherapy, and overestimated for BCS alone, as indicated in Tables 3 and 4 . These results imply that there were important systematic, unobservable (to researchers) differences in the disease and health characteristics or preferences of women who received BCS alone compared with women who received either BCS with radiotherapy or mastectomy for DCIS. Although the frailty models, which are designed to address this kind of unobserved heterogeneity, improved the estimates somewhat, they were still considerably different from the RCT results. Our analyses showed that these differences led to significant understatements of the relative benefits of BCS with radiotherapy compared with BCS alone.
Our SEM results are consistent with evidence from RCTs for DCIS treatment that show improvement in DFS with the addition of radiotherapy to BCS (Bijker et al., 2006; Fisher et al., 1993; Fisher et al., 2001; Holmberg et al., 2008) and high recurrence rates seen following BCS alone (Wong et al., 2006) . The methods we used build on a published analysis of similar observational data for invasive breast cancer (Hadley et al., 2003) . Our approach expands the analytic framework by allowing for nonlinear survival models, extending the time horizon, and estimating the treatment and outcomes equations simultaneously.
We focused considerable attention on the inclusion of comedo status in the outcomes equation, because a goal of the analysis was to determine which histopathologic factors generate the greatest risk for disease progression. Many surgeons believe comedo status is an important predictor of future recurrence (Silverstein et al., 1995) , and indeed, our results confirmed that comedo histology was a very important predictor of mastectomy. We found no evidence, however, that comedo status was an important predictor of DFS. In each of our alternative specifications, we found the relationship between comedo histology and DFS to be both small and precisely estimated. Because we lack pathology and genetic data, one could suspect that comedo status is endogenous in the treatment-choice equations. However, comedo status does not depend on surgery type, and does not appear related to genetic information, so we think it is implausible that comedo status is endogenous in the treatment-choice equations. Having a mastectomy should not yield more comedo diagnoses. Comedo is thought to be a more aggressive subtype, therefore requiring more aggressive treatment. Our results confirm this treatment behavior, but we find no evidence that it is related to worse outcomes. It is worth noting that comedo is related to nuclear grade and necrosis. Previous work (Dick et al., 2011) has found that these pathologic measures are highly correlated and that it is not possible to include all the information in regression equations. In our case, therefore, comedo may be a proxy for a combination of unobserved pathologic measures. While this may complicate the interpretation of the role of comedo, it does not change the interpretation of the key measures in our models. We do note, however, that the measure of comedo histology may have been underreported because there were subjects for whom histologic information was incomplete. Our findings suggest that further research about the consequence of comedo histology on health outcomes is necessary, particularly because of the strong evidence that it shapes treatment choice. If our estimates are correct, this aggressive treatment might not be necessary. Our data lack detail regarding pathology, margin status, and family history, and because of the strong prevailing opinion that comedo histology matters, more research is needed to confirm our findings (Silverstein et al., 1995; Silverstein & Lagios, 1997) .
Our study has some methodological and data-related limitations. First, identification assumptions were important in SEMs. Although our results were robust to specifications-and therefore the source of identification-they must be interpreted with the proper caution. Monte Carlo simulations have shown that such estimation works well when the parametric assumptions about the error terms (in this case, normality) are violated as long as there are "good" exclusion restrictions (Goldman et al., 2001) . Our exclusion restrictions clearly met the first criterion for good instruments as strong predictors of treatment. Our assumptions that these measures do not belong in the outcomes models are plausible, but they are not testable. As noted above, our data did not contain detailed information on pathology, margin status, or family history, all of which may have affected both treatment and outcomes (Silverstein & Lagios, 1997) . For these omitted variables to compromise our exclusion assumptions, they would have to be related to radiation oncologist supply, urban-rural status, region indicators, and marital status. We found our key results to be robust to the various choices of these exclusion restrictions. We also found the results to be robust to the inclusion of all these measures, a specification that was identified only by the nonlinearities in the model. The similarity of the results to these alternative specifications lends credibility to the assumptions both about the instruments and the choice of normality for parameterization of the error distribution.
The linked SEER-Medicare database did not include information on younger women or tamoxifen use, which is known to be effective in reducing DCIS recurrence (Fisher et al., 1999) . The cohort in this study underwent treatment prior to publication of the evidence on tamoxifen for DCIS (Fisher et al., 1999) , and hence no patients during this time period were likely taking tamoxifen. This makes any unobserved differential effects of tamoxifen unlikely, if, for example, patients receiving BCS alone would be more likely to take tamoxifen for its protective effect. Additionally, this analysis only included women aged 66 years and older in fee-for-service Medicare, which may not be representative of all women diagnosed with DCIS (Nattinger, McAuliffe, & Schapira, 1997) .
Our simultaneous-equations econometric approach to estimating DFS in an observational cohort of DCIS patients showed promise in overcoming selection bias to provide better estimates of treatment effects. These methods could be adopted in future work by applying them to cohort data in other diseases and populations. The results also have important clinical implications; the intensity of mammography screening leads to increased incidence of DCIS (Ernster et al., 2002) yet there is a strong trend toward less intensive treatment (Gold & Dick, 2004) . While "overdiagnosis" may be a reality, in fact, "overtreatment" may not be, given our findings that mastectomy yields the best DFS. If subjects do undergo BCS, they certainly should have radiotherapy to achieve better outcomes than BCS alone. This study used large retrospective cohort data coupled with methods to eliminate selection effects; future similar analyses, even for other cancers, also could eliminate endogeneity bias in cohort studies.
